Introduction
Biotic interchange between North and South America has profoundly impacted regional community assembly in the hyperdiverse rainforests of the Neotropics (Croat and Busey 1975 , Pennington and Dick 2004 , Cody et al. 2010 , Bacon et al. 2015a . This impact has been especially important in greater Central America (Gentry 1982 , Dick et al. 2005 ), which we define broadly to include Central America proper, the adjacent Chocó region of South America, and southern Mexico. Gentry observed that Central American lowland rainforest trees are largely derived from a subset of Amazonian lineages, a pattern he attributed to dispersal from South America during the Great American Biotic Interchange following emergence of the Isthmus of Panama (Gentry 1982) . Closure of the Isthmus has traditionally been dated to ca 3 Ma (Coates and Stallard 2013) . Recent geological and biological evidence has suggested a much earlier closure in the Middle to Late Miocene (Bacon et al. 2015a , b, Montes et al. 2015 , but the precise timing remains contentious (O'Dea et al. 2016 , Jaramillo et al. 2017 , Molnar 2017 .
Although closure of the Isthmus of Panama created a terrestrial connection between North and South America, other simultaneously emerging landscape features constrained opportunities for dispersal between lowland rainforests in the Amazon and Central America (Fig. 1) . Continued Pliocene tectonic activity in northwestern South America resulted in rapid uplift of the Eastern Cordillera of the Colombian Andes, which had attained only around 40% of its current height prior to 4 Ma (Gregory-Wodzicki 2000) . Given the relatively narrow range of temperatures to which many tropical species are adapted, the steep temperature gradients of the Andes likely present a formidable barrier to dispersal of lowland species (Janzen 1967) . Some portions of the northernmost Eastern Cordillera of Colombia and Venezuela are lower in elevation and represent less of an elevational barrier, but the Llanos (savanna and grassland) and other dry habitats to the east and north of this region may prevent dispersal around the Andes for rainforest-adapted species. These habitats originated when the pan-Amazonian rainforest and wetland formerly covering most of lowland northern South America (Hoorn et al. 2010) was gradually replaced by dry habitats in the northwestern part of the continent from the late Miocene to early Pliocene (Jaramillo et al. 2010) . On the opposite (western) side of the Andes, dry habitats are unlikely to have posed a major dispersal barrier, as conditions moist enough to support lowland rainforest taxa persisted in lower Central America and the Chocó throughout the Pliocene (Graham and Dilcher 1998) and Pleistocene (Bush and Colinvaux 1990, González et al. 2006) .
Despite the dispersal barriers presented by the Andes and associated dry habitats ( Fig. 1) , numerous lowland rainforest plant species are distributed on both sides of the Andes. Ancient vicariance could explain the cross-Andean distributions of rainforest species with Miocene origins (Dick et al. 2013) . Some of these species may have experienced oceanic dispersal between continents (Pennington and Dick 2004 , Dick et al. 2007 , Cody et al. 2010 , or else migrated into Central America from the South American western side of the Andes following closure of the Isthmus of Panama. In contrast, vicariance is unable to explain cross-Andean distributions of species of post-Miocene origin (e.g. Inga; Richardson et al. 2001) . Most of these species likely dispersed either over or around the Andes. Recent oceanic dispersal is also possible but may have been relatively rare, given the great distances separating Central American and Amazonian rainforests by the shortest marine and fluvial routes.
Considering these dispersal barriers, why are some lowland rainforest species widespread throughout the Neotropics, whereas others are restricted to only one side of the Andes? Broad environmental tolerances and life-history traits associated with high dispersal-colonization ability may have equipped species to navigate the challenges posed by the mountains and savannas of the northern Andes region. As such, this region may have acted as a biogeographic filter to intercontinental dispersal. We consider four mutually compatible hypotheses concerning the potential for biogeographic filtering across this region: firstly, species with broad elevational ranges may have been able to disperse across the incipient Eastern Cordillera of the Colombian Andes prior to rapid Pliocene uplift (Gregory-Wodzicki 2000) or along piedmont in lower montane forest. Secondly, drought tolerant species may have been able to disperse around the northernmost Andes through dry environments, especially along habitat corridors such as the gallery forests of the Llanos that are similar in species composition to continuous rainforest (Behling and Hooghiemstra 1998) . Thirdly, life-history traits associated with high dispersal-colonization ability could have facilitated dispersal across and colonization of new landscapes in general, including those of the northern Andes region. In tropical woody plants, these traits include wind dispersal, small seed size, large maximum stem diameter (a proxy for height, which is positively correlated with dispersal distance; Thomson et al. 2011) , and traits associated with rapid growth (including low wood density and short-lived leaves characterized by low leaf mass per area) (Croat and Busey 1975 , Swaine and Whitmore 1988 , Nathan et al. 2002 , Muller-Landau et al. 2008 , Wright et al. 2010 , Thomson et al. 2011 . Alternatively, there might be few functional traits impacting the ability of lowland rainforest species to cross the Andes. If all species are ecologically equivalent (Hubbell 2001) in their ability to disperse across the Andes, then dispersal probability could depend solely on population size, with more abundant species being most likely to disperse between regions.
To test these four hypotheses, we examine associations between species traits and biogeographic distributions of locally co-occurring species from communities in the Amazon (Yasuní, Ecuador) and Central America (Barro Colorado Island, Panama) ( Fig. 1 ; Supplementary material Appendix 1 Table A1 ). We identify a suite of traits distinguishing geographically widespread species (those found on both sides of the Andes) from regionally distributed species (found exclusively east or west of the Andes; Fig. 2) , and consider how these patterns may have arisen due to biogeographic filtering across the northern Andes region. Figure 2 . Spatial distribution of occurrence records for species with each of the four types of biogeographic distributions considered in this study (see Methods for definitions). Colours depict the number of occurrence records (n) per pixel of 1° latitude by 1° longitude, and vary according to a log10 scale. Number of species and total number of occurrence records across all species are given for each biogeographic distribution. 120 species are represented in both panels (b) and (d) because they were present at both Yasuní and BCI. 143 species and 75 species were excluded for Yasuní and BCI, respectively, because there were only 1-2 occurrence records on the opposite side of the Andes such that biogeographic distributions could not confidently be assigned to these species. Some species are also present in the Caribbean (Supplementary material Appendix 1 Table A2 ), but occurrences in the Caribbean were not included in any of our analyses. Note that the distribution of occurrence records reflects the combined effects of both spatial sampling bias (e.g. many pixels in the Brazilian Amazon have no occurrence records, likely due to insufficient sampling in this region), and the actual geographic distributions of the species in this study (e.g. large numbers of occurrence records are from the western Amazon and lower Central America, as would be expected given that these areas are geographically proximate to and have habitat similar to that of study sites Yasuní and Barro Colorado Island, respectively).
Methods

Study sites and taxa
Lists of 810 and 621 woody plant taxa identified to the species level were assembled from Pontificia Univ. Católica del Ecuador (PUCE) Table A1 ). The species list for Yasuní is incomplete for climbing species, as climbers were only censused in 30 subplots with a combined area of 1.2 ha (Romero-Saltos 2011). The list from BCI includes many species that do not occur in the 50-ha plot itself, but occur in similar habitat nearby.
Occurrence records
Georeferenced occurrence records were obtained for each species from the Global Biodiversity Information Facility ( www.gbif.org ) using the R package 'rgbif ' ver. 0.8.0 (Chamberlain et al. 2015) . Quality controls were applied to ensure that occurrence records were correctly taxonomically identified and accurately georeferenced. In particular, records with the following issues were excluded using 'rgbif ': mismatch between the country (or continent) implied by the geographic coordinates and the stated country (or continent) of origin; invalid coordinates or geodetic datum; failed or suspicious coordinate reprojection; coordinates with a value of zero; species name with no match, a fuzzy match, or a match to a higher taxonomic level; basis of observation corresponding to a fossil specimen, human observation, living specimen, or machine observation; and records from areas outside the Neotropics. Following initial quality controls, occurrence records were spatially thinned to remove duplicate samples and reduce spatial clustering, and records with low precision were removed prior to use in subsequent analyses. A maximum of one occurrence record for each species was retained per cell of a 30-arcsecond grid (~0.93 km), and only occurrence records with geographic coordinates recorded to at least two decimal places of precision (~1.1 km) were retained.
Characterizing biogeographic distributions
Occurrence records were used to classify species by biogeographic distribution, depending on whether they inhabit only one side or both sides of the Andes. Yasuní species were classified as either eastern Yas (i.e. occurring only east of the Andes) or widespread Yas , whereas BCI species were classified as either western BCI (i.e. occurring only west of the Andes) or widespread BCI (Fig. 2) . Note that we define the area 'west of the Andes' to include not only the Chocó region of South America and lower Central America, which are directly west of the northern Andes, but also the extension of this region farther northward into Mesoamerica (Fig. 2c) . To reduce, but likely not entirely eliminate, the effects of undetected errors in taxonomic identification (Baker et al. 2017 ) and georeferencing that escaped our quality-control procedure, we required a minimum of three unique occurrence records on the opposite side of the Andes (relative to Yasuní or BCI) in order to classify a species as geographically widespread. Species with zero occurrence records on the opposite side of the Andes were classified as occurring exclusively east or west of the Andes, and those with 1-2 occurrence records on the opposite side were not assigned a biogeographic distribution and were excluded from further analysis. Although this approach excluded a substantial number of species from analysis, caution is needed when assessing biogeographic distributions based on occurrence records because vouchers of tropical trees can be incorrectly identified (Baker et al. 2017) and it is not clear if voucher misidentification could systematically bias our distribution estimates.
The distribution of species within specific ecoregions was characterized using global terrestrial ecoregions defined by The Nature Conservancy ( maps.tcn.org ) based on World Wildlife Fund major habitat types (Olson et al. 2001) . A more conservative threshold was used requiring a minimum of five occurrence records from a given ecoregion to classify a species as present in an ecoregion, to reduce the impact of atypical occurrences in transitional, ecotonal areas.
Functional traits
Regional abundance of each species was defined as the number of occurrence records east of the Andes for species from Yasuní, and the number of occurrence records west of the Andes for species from BCI. Functional traits associated with life-history strategy (seed mass, leaf mass per area (LMA), wood density, maximum stem diameter, and dispersal mode; hereafter referred to as 'life-history traits') were assembled from datasets associated with the 50-ha plots and curated by NCG, SAQ, RV and SJW, as well as from published data (Kraft and Ackerly 2010) (see also Supplementary material Appendix 1 Supplementary methods). Note that all analyses involving stem diameter were performed on non-climbing species only, because the interpretation of stem diameter may differ for climbers compared to non-climbers.
Two additional traits reflecting environmental tolerances (elevational range and drought tolerance) were calculated for each species by characterizing distributions along elevation and precipitation gradients. Elevation (elev) and mean annual precipitation (MAP) were obtained at 30-arcsecond resolution from 'WorldClim' (Hijmans et al. 2005 ) and extracted for each occurrence record using the R package 'raster' ver. 2.3-40 (Hijmans et al. 2015) . Elevational range was defined as the 90th percentile of the elevation (Q90 elev ) of occurrence records for a given species, and reflects the ability of lowland species to survive at high elevations. The 90th percentile was used instead of the absolute maximum elevation in order to capture the general trend for the species and to reduce the effect of outliers that might be due to errors undetected by our quality-control procedure. Drought tolerance (-Q10 MAP ) was defined as the 10th percentile of MAP of occurrence records for a given species, multiplied by negative one so that high values (close to zero) indicate high drought tolerance. Because -Q10 MAP is based on average annual climatic conditions, it represents the typical environmental tolerance of a species but is not informative of ability to respond to atypical, acute drought episodes.
In order to compare environmental traits (i.e. elevational range and drought tolerance) among species, values must be calculated using occurrence records spanning geographic space that is potentially available for all species to inhabit. However, widespread species by definition have access to potential habitat on both sides of the Andes that exclusively eastern or western species do not have access to. To avoid this potential source of bias, environmental traits were characterized using occurrence records only from east of the Andes for all Yasuní species, and using occurrence records only from west of the Andes for all BCI species (Fig. 2) , as opposed to using occurrence records throughout the entire Neotropics. To ensure adequate sample size, indices were only calculated for species with at least 20 unique occurrence records from east or west of the Andes for Yasuní and BCI species, respectively.
Geographic sampling bias undoubtedly exists in our occurrence records, as many areas of the Neotropics -especially within the Amazon basin (Hopkins 2007 ) -are remote and poorly sampled. To test the effects of geographic sampling bias and whether the entire regions east and west of the Andes were appropriate spatial scales over which to calculate environmental traits, we also recalculated environmental traits using only occurrence records from more intensely sampled, smaller geographic areas with fewer potential biogeographic dispersal barriers: the western Amazon Basin (i.e. Colombia, Ecuador, and Peru east of the Andes) for Yasuní species, representing 50% of all occurrence records east of the Andes; and Costa Rica and Panama for BCI species, representing 43% of all occurrence records west of the Andes. Correlations among indices calculated over these narrow and more intensely sampled vs broader and more sporadically sampled geographic spaces were moderate to high (r = 0.69-0.93), so we present analyses for elevational range and drought tolerance calculated only from complete occurrence records for each of the entire regions east and west of the Andes, as described above.
Finally, in addition to using mean annual precipitation (MAP) to calculate -Q10 MAP , we also generated two alternative indices of drought tolerance using precipitation of the driest quarter and precipitation seasonality instead of MAP. All three indices were highly correlated for both communities (r  0.74), so we present analyses only for -Q10 MAP .
Several functional traits (regional abundance, elevational range, seed mass, LMA, and stem diameter) were log 10 transformed in all analyses in order to approximate a normal distribution of trait values.
Principal component analysis
Principal component analysis (PCA) was used to define major axes of trait variation and examine whether species with different biogeographic distributions form distinct clusters along PC trait axes. All traits except dispersal mode (because it is a categorical trait) and all non-climbing species (including those without an assigned biogeographic distribution) were included in PCA, except that species were not included for which observations were missing for more than two of the seven traits. The remaining missing observations (except for regional abundance, for which complete data were available) were imputed using the joint modelling (JointM) method following Dray and Josse (2015) , taking the mean of five imputations computed in the R package 'Amelia' (Honaker et al. 2011 ). This resulted in 14.8% imputed data for Yasuní, and 12.5% imputed data for BCI. PCA was performed using the 'prcomp' function in R, using a correlation matrix with values centred to a mean of 0 and units rescaled to standard deviation of 1. Separate analyses were performed for Yasuní and BCI because our indices of elevational range and drought tolerance were calculated over different geographic areas (the regions east and west of the Andes, respectively), and it is not appropriate to treat these variables as directly equivalent for the purposes of defining PC trait axes.
Associations between biogeographic distributions and species traits
Regressions were performed using a phylogenetic generalized linear mixed model (PGLMM) for binary dependent traits (Ives and Helmus 2011, Ives and Garland Jr 2014) to test for associations between species traits and biogeographic distributions. Binary PGLMM jointly estimates regression parameters and phylogenetic signal (σ 2 ) of regression residuals in the phylogenetic variance-covariance matrix (Ives and Helmus 2011, Ives and Garland Jr 2014) . Simultaneously estimating phylogenetic signal in regression residuals along with regression parameters has been shown to perform well when the need for phylogenetic correction is not known a priori (Revell 2010) .
A single phylogeny containing all species in both communities (n = 1292) was constructed for PGLMM regressions. First, the R program 'brranching' (Chamberlain 2016 ) was used to query the phylomatic reference phylogeny R20120829 for plants (Webb and Donoghue 2005) . Relationships among taxa were extracted from the reference phylogeny, with missing tips inserted and unresolved relationships within clades treated as polytomies. All tips corresponding to species not present in our dataset were removed. Branch lengths were then adjusted using the 'bladj' function in 'Phylocom' (Webb et al. 2008) , with internal node ages adjusted according to the ages_exp estimates of Gastauer and Meira-Neto (2016) , based on fossil calibrations (Hedges and Kumar 2009, Bell et al. 2010) .
PGLMM regressions were performed using the function 'binaryPGLMM()' in the R program 'ape' (Paradis et al. 2004 ). These regressions test whether individual traits are significant predictors of biogeographic distribution when accounting for phylogenetic relationships among taxa. Both univariate regressions (testing the effect of each trait individ-ually) and multivariate regressions (testing the effects of all traits considered simultaneously, and using datasets including imputed trait values) were performed. For univariate regressions, Holm-Bonferonni correction for multiple comparisons (Holm 1979 ) was used to calculate adjusted p-values for trait effects, across each set of traits at Yasuní and BCI separately. To assess the goodness of fit of regression models and to approximate the amount of variation explained by individual parameters, R 2 ce of the models overall and partial R 2 ce of each trait were calculated using the R package 'rr2' (Ives 2017) .
Data deposition
Species lists, biogeographic data, and environmental traits are available for download from the Dryad Digital Repository:  http://dx.doi.org/10.5061/dryad.v94n6  (Bemmels et al. 2018) . Databases of life-history traits associated with the 50-ha plots are curated by RV (Yasuní) and SJW (BCI) and are available upon request.
Results
Species distributions and traits
Geographic distributions (Fig. 2) were unambiguously assigned to 667 (out of 810 total) woody plant species from Yasuní and 542 (out of 621) species from BCI. 120 of these species were present in both communities. Approximately 70% of species had widespread distributions spanning both sides of the Andes, and 25% occurred at least occasionally in dry ecoregions including savannas and shrubland (Supplementary material Appendix 1 Table A2 ). Approximately 10-20% of widespread species, but almost no exclusively eastern or western species, were present in the Caribbean (Supplementary material Appendix 1 Table A2 ). The spatial distribution of occurrence records varied widely across the Neotropics, likely reflecting the combined effects of both spatial sampling bias as well as the true geographic distributions of species (Fig. 2) . For example, the high number of occurrence records from lower Central America and the western Amazon was expected, given that our study species are by definition known to occur in these regions. In contrast, the complete lack of occurrence records over much of the Brazilian Amazon likely reflects severe under-sampling of this region.
Sufficient high-quality occurrence records were available to generate indices of elevational range (Q90 elev ) and drought tolerance (-Q10 MAP ) for 564 species from Yasuní and 478 species from BCI. As life-history traits were gathered from existing databases (Supplementary material Appendix 1 Supplementary methods), the number of species for which these traits were available varied widely (Supplementary material Appendix 1 Table A3 ). Correlations among traits were generally modest (mean absolute value of r = 0.16; Table 1 ).
Associations between traits and biogeographic distributions
Several species traits were individually associated with a widespread biogeographic distribution (Fig. 3-4) . Results of univariate regressions controlling for phylogenetic relatedness among species (Supplementary material Appendix 1 Table A4-A5) showed that at both communities, the probability that a species had a widespread distribution increased with increasing regional abundance, increasing elevational range and increasing drought tolerance. In addition, the probability of being widespread increased at Yasuní with decreasing seed mass and decreasing wood density, and at BCI with increasing maximum stem diameter and with wind dispersal. However, the effects of wood density at Yasuní and dispersal mode at BCI were no longer significant after correcting for multiple comparisons (Holm 1979) . Although not one of our main hypotheses, we also tested whether biogeographic distribution was predicted by local abundance (the number of stems in the 50-ha plots) but found no effect at either site (Yasuní, p = 0.13; BCI, p = 0.31).
In multivariate regressions that simultaneously account for the effects of multiple traits, fewer traits were significant predictors of biogeographic distribution at each community ( Table 2 ). The probability of having a widespread distribution increased at Yasuní with increasing regional abundance and increasing elevational range, and at BCI with increasing regional abundance and increasing drought tolerance. In both communities, regional abundance explained the greatest proportion of overall variance in biogeographic distribution, when controlling for the effects of other traits (partial R 2 ce = 0.14 and 0.12 at Yasuní and BCI, respectively; Table 2 ), but elevational range at Yasuní and drought tolerance at BCI Results of principal component (PC) analyses revealed that a similar suite of traits characterized the first and second axes of trait variation at each community, and that PC scores along these axes were significant predictors of biogeographic distribution at both communities ( Fig. 5 ; Supplementary material Appendix 1 Table A4-A5). In particular, widespread species at both sites tended to have low values of PC1 and high values of PC2. These values were associated with high regional abundance, broad elevational range, and high drought tolerance at both sites, as well as low seed mass and low LMA at Yasuní, and low wood density and large maximum stem diameter at BCI. Dispersal mode was not included in PCA because it is a categorical trait. Species with different dispersal modes tended to cluster in distinct areas of PC trait space, but there was little correspondence between these clusters and the clusters occupied by species with different biogeographic distributions (compare Fig. 5 and Supplementary material Appendix 1 Fig. A1 ).
The proportion of widespread and spatially restricted species did not differ among families at Yasuní (p = 0.12), and differed at BCI (p = 0.015) for only two moderately speciespoor families (Annonaceae and Myrtaceae; Supplementary material Appendix 1 Table A6 ) representing 5.7% of all species. These results suggest that biases in the biogeographic distributions of specific species-rich families are unlikely to have driven the overall patterns we observed.
Discussion The northern Andes region as a biogeographic filter
Biotic interchange of lowland species between the Amazon and Central America has been mediated, in part, by biogeographic filtering across the northern Andes region. Although high regional abundance was the strongest predictor of a widespread (cross-Andean) biogeographic distribution, several other species traits, including broad elevational range Table A4 -A5), after correction for multiple comparisons (Holm 1979 ; † indicates p  0.05 prior to correction). For number of species included in each comparison see Supplementary material Appendix 1 Table A3. and high drought tolerance, were also strong predictors of a widespread distribution in at least one community and added additional explanatory power beyond the effects of regional abundance alone ( Fig. 3; Table 2 ). These results suggest that species with broad ecological amplitude along temperature (i.e. elevation) and precipitation gradients were more likely to have dispersed across or around the Andes than species with narrower ecological amplitudes.
Several possible mechanisms may underlie the strong correlation between high regional abundance and a widespread biogeographic distribution (Fig. 3, Table 2 ). If all species have ecologically equivalent abilities to disperse across the Andes, then dispersal may be a chance event with a probability roughly proportional to population size. Such a model could be considered an ecologically neutral (sensu Hubbell 2001) null hypothesis of species' distributions in relation to the Andes. Alternatively, well-known tropical tree species with large geographic ranges may be more frequently sampled and correctly identified than poorly known species with restricted geographic ranges (Ruokolainen et al. 2002 , Baker et al. 2017 . Sampling bias could strengthen the relationship between regional abundance (i.e. number of occurrence records) and biogeographic distribution, but is unlikely to be the sole cause of this pattern given that regional abundance varies over several order of magnitude (Fig. 3) , likely reflecting real differences in the relative commonness of different species. We also note that very poorly known taxa (i.e. unidentified morphospecies and species with 20 occurrence records east or west of the Andes) were excluded from our multivariate analyses, likely reducing the potential effects of this bias.
While the aforementioned mechanisms do not involve biogeographic filtering, biogeographic filtering could also lead to a positive correlation between regional abundance and a widespread distribution if, for example, the same traits that affect regional abundance also affect cross-Andean dispersal ability. Positive relationships between landscape-scale abundance and geographic range size have previously been documented in tropical trees (Kristiansen et al. 2009 , ter Steege et al. 2013 , Dexter and Chave 2016 . The causes of variation in abundance and range size are still contentious (Kristiansen et al. 2009 ), but substantial phylogenetic signal in these traits at the generic level suggests that they are both determined by intrinsic characteristics of taxa (Dexter and Chave 2016) . While we cannot distinguish the relative contributions of neutral dispersal dynamics, sampling bias, and trait-based biogeographic filtering processes on the observed correlation between regional abundance and biogeographic distribution, it is clear that regional abundance is not the sole driver of cross-Andean dispersal ability because several other traits were also strongly predictive of biogeographic distribution (Fig. 3) , and added additional explanatory power to our analyses not captured by regional abundance alone (Table 2 ).
In particular, broad elevational range and high drought tolerance were also strongly correlated with a widespread biogeographic distribution at Yasuní and BCI, respectively ( Table 2 ). Given that many lowland Neotropical species were able to inhabit higher elevations during periods of warmer climate (Weng et al. 2007 ), we suggest that some species may have dispersed over the Eastern Cordillera of the Colombian and Venezuelan Andes during warm periods. The Huancabamba Depression in northern Peru might have been an alternative route for dispersal, but we consider this route less likely because it has a more ancient uplift history (GregoryWodzicki 2000, Hoorn et al. 2010 ) and higher elevation than the lowest mountain passes of the Eastern Cordillera near the Colombian-Venezuelan border (2145 m vs ca 1300 m, respectively; Weigend 2002). In addition to elevation, precipitation is another key environmental determinant of the distribution of lowland rainforest plants at broad spatial scales (Engelbrecht et al. 2007 , Condit et al. 2013 , EsquivelMuelbert et al. 2017 and only a subset of rainforest trees is also able to inhabit dry areas (Esquivel-Muelbert et al. 2017) . Dispersal through the Llanos and other lowland dry habitats around the northernmost Andes, especially along habitat corridors such as gallery forests, represents an alternative to highelevation dispersal, but may have been available to only the most drought tolerant species.
Although Yasuní and BCI are both lowland rainforest communities, we note that BCI has lower precipitation and Relative to animal dispersal, wind dispersal is a significant predictor (p = 0.027) of widespread biogeographic distribution at BCI in binary regressions that account for phylogenetic relatedness among taxa (no longer significant after correction for multiple comparisons (Holm 1979) , adjusted p = 0.11; for complete results, see Supplementary material Appendix 1 Table A4-A5). Table 2 . Multivariate regressions performed using a phylogenetic generalized linear mixed model for binary dependent traits (Ives and Helmus 2011, Ives and Garland Jr 2014) for species from (a) Yasuní and (b) Barro Colorado Island. Estimates show the effect of species traits on predicting a widespread biogeographic distribution. The parameter σ 2 is a measure of phylogenetic signal in the phylogenetic variance-covariance matrix. Statistical significance of adjusted p-values is indicated as follows:
• p  0.10, *p  0.05; **p  0.01, ***p  0.001. R 2 ce for the overall models and partial R 2 ce for each trait are measures of explained variance, and were calculated following Ives (2017 a more pronounced dry season than Yasuní, and contains a greater proportion of species that also inhabit dry ecoregions (Supplementary material Appendix 1, Table A1 , A2c). These habitat differences are one possible explanation for the differences among sites in terms of which environmental tolerances are most predictive of a widespread biogeographic distribution ( Table 2 ). The effect of drought tolerance was significant (after accounting for the effects of other traits) only at BCI, whereas the effect of elevational range was significant only at Yasuní. Biogeographic filtering across the Andes evidently had different effects on the assembly of the different communities, but in both communities, widespread species appear to be more likely than exclusively eastern or western species to be broadly distributed across landscape-scale ecotonal transitions between habitat types in the surrounding area. For example, the widespread component of the BCI community exhibits higher drought tolerance than the exclusively western component and may be more broadly distributed along the transition from rainforest to seasonally dry forest across central Panama. In contrast, the widespread component of the Yasuní community exhibits greater elevational range than the exclusively eastern component, and may be more broadly distributed along the transition from lowland to premontane forest in the Ecuadorean Amazon and lower slopes of the Andes.
Widespread and weedy rainforest plants
Beyond regional abundance and environmental tolerances, we found little evidence that additional functional traits were predictive of biogeographic distribution (Fig. 3-4) . The life-history traits we examined were individually either non-significantly or only weakly predictive (Fig. 3-4) , and did not add explanatory power to multivariate analyses not already captured by other traits (Table 2) . Individual lifehistory traits therefore appear to be relatively unimportant direct determinants of ability to disperse across the Andes. However, principal component analyses revealed that several of these traits contributed to the same axes of trait variation as high regional abundance and broad environmental tolerances (Fig. 5) . These traits included low seed mass and low LMA at Yasuní, and low wood density and large maximum stem diameter at BCI. While not individually predictive of biogeographic distribution, these traits jointly contribute to a general life-history strategy we consider to characterize 'weedy' lowland Neotropical woody plants (see also Dick et al. 2005) . The general characteristics of these weedy species (reflected by trait loadings on PC axes, Fig. 5 ) include high regional abundance, broad ecological amplitude along elevation and precipitation gradients, and high dispersal-colonization ability. In contrast to regional abundance and ecological amplitude, traits reflecting dispersal-colonization ability were largely not predictive of biogeographic distribution in relation to the Andes. These traits are nonetheless likely related to dispersalcolonization ability and overall weediness at smaller (i.e. local) scales. Increasing maximum height (which we assessed using maximum stem diameter as a proxy) and decreasing seed size are known to be correlated with increased dispersal distance in both wind-and animal-dispersed tropical trees (Muller-Landau et al. 2008 , Thomson et al. 2011 . Once dispersal occurs, species that grow and reproduce rapidly may be able to quickly establish populations and colonize new areas (Swaine and Whitmore 1988) . A functional trade-off exists between growth rate and mortality in tropical forest trees, with rapidly growing species characterized by low wood density, and to a lesser extent, by small seeds, low LMA characteristic of short-lived leaves, and low maximum height (Wright et al. 2010) . These traits each contributed to the PC axes characterizing weediness in at least one community (Fig. 5) , except that weedy species tended to have high (not low) maximum height (i.e. maximum stem diameter; BCI community only, Fig. 3, 5) . However, we note that this relationship was predicted given the positive correlation between maximum height and dispersal ability described above (Muller-Landau et al. 2008 , Thomson et al. 2011 . Previous studies have also documented a positive correlation between maximum height and geographic range size in Amazonian trees (e.g. palms; Ruokolainen et al. 2002 , Kristiansen et al. 2009 ).
Filter-dispersal assembly of Central American rainforests
Dispersal has played a major role in the floristic assembly of Neotropical rainforests, not only within contiguous regions such as the Amazon basin (Dexter et al. 2017 ), but also between North and South America (Gentry 1982 , Cody et al. 2010 , Bacon et al. 2015a and from other areas of the world into the Neotropics (Pennington and Dick 2004, Antonelli et al. 2015) . While Dexter et al. (2017) recently proposed that 'dispersal assembly' drives the composition of species pools across geographic sub-regions of the Amazon basin, our results suggest that constraints on dispersal imposed by biogeographic filtering have played a much larger role in the floristic assembly of larger regions of the Neotropics (such as Central America or the entire Amazon basin), according to a process we term 'filter-dispersal assembly'. Filter-dispersal assembly occurs when biogeographic filtering across a dispersal barrier has a large impact on regional community composition on one side of the barrier, relative to the total species pool of a broader geographical area.
Filter-dispersal assembly across the northern Andes region was likely especially important in the assembly of Central American rainforests because Central American lowland forests have been strongly influenced by asymmetric biotic interchange with South America (Simpson 1980 , Gentry 1982 , Dick et al. 2005 . Plant species that dispersed from Amazonia or are derived from dispersing lineages comprise a large proportion of the regional species pool in Central America, but not vice versa (Gentry 1982) . Gentry (1982) observed that dispersing plant lineages tend to represent only a subset of Amazonian lineages with exceptionally large geographic ranges; we have additionally shown that species with a widespread (cross-Andean) distribution are more likely to have broad elevational ranges and high drought tolerance, highlighting the importance of biogeographic filtering in determining which species are able to disperse between continents.
Filter-dispersal assembly of Central American rainforests contrasts with dispersal assembly (Dexter et al. 2017) of Amazonian rainforests and suggests that different dynamics may have driven the regional floristic assembly of these two regions. Within Amazonia, floristic inventories have revealed that most tree (Pitman et al. 1999 , Wittmann et al. 2013 and liana (Romero-Saltos et al. 2001 ) species have broad geographic ranges, indicating that there are few major barriers to dispersal of woody plants. Pitman et al. (2002) compared tree species from plots at Yasuní to those at Manu National Park, Peru, which is similar to BCI in terms of species richness, precipitation regime and geographic distance from Yasuní, but is not separated from Yasuní by a biogeographic barrier. In that study, 30% of taxonomically identified species were shared between both Yasuní and Manu (Pitman et al. 2002) , compared to only 9% between Yasuní and BCI (121 of 1307 species; this study). However, the number of unidentified morphospecies at Manu is likely much higher than at BCI. Accounting for unidentified morphospecies, which tend to have small geographic ranges (Ruokolainen et al. 2002) , could reduce the percentage of species shared between Yasuní and Manu.
In addition, Dexter et al. (2017) found that regional species pools of four major tree clades show complete lack of geographic phylogenetic structure across the Amazon basin, and concluded that dispersal likely homogenizes species pools across Amazonia over evolutionary timescales. Interestingly, however, Central America shows significant phylogenetic clustering in three of the same four clades, reflecting the relative isolation of Central American rainforests compared to those across the Amazon basin (Dexter et al. 2017) . Thus, the northern Andes biogeographic filter has likely posed constraints on dispersal and prevented full homogenization of the Central American flora relative to that of Amazonia, even though substantial biotic interchange has evidently still occurred (evidenced by the large number of species present in both regions; Supplementary material Appendix 1 Table A2 ).
Our analyses were restricted to single communities in Central America and in the Amazon, and it would not be meaningful to directly compare traits across communities because local-scale ecological filtering in different habitats (Supplementary material Appendix 1 Table A1 ) may result in different trait distributions at BCI compared to Yasuní. However, one implication of asymmetric filter-dispersal assembly is that relative to Amazonian rainforests, Central American rainforests in general may be enriched in species with the set of weedy traits we have identified; this prediction remains to be tested. We also note that filter-dispersal assembly is likely to have large importance to understanding species-level biogeographic distributions, but is likely less important in understanding regional community assembly at the genus and family levels, as the origins of most Neotropical plant genera and families and the cross-continental distributions of many of these lineages substantially predate Pliocene uplift of the northern Andes and formation of dry habitats (Cody et al. 2010 , Bacon et al. 2015a ).
Impacts of multiples processes
We have emphasized the impact of biogeographic filtering on species distributions, but acknowledge that contemporary distributions have been shaped by multiple dispersal and diversification processes over time periods spanning millions of years. The impacts of these processes are likely to obfuscate, rather than reinforce, any general patterns we might detect. In contrast, the strong signal for an effect of species traits on biogeographic distribution, in agreement with predictions of our hypotheses, suggests that biogeographic filtering has had an enduring and general impact on species-level biotic interchange across the Andes.
Nonetheless, not all widespread species attained a crossAndean distribution by terrestrial dispersal over or around the Andes. Some species likely attained a cross-Andean distribution through ancient vicariance (Dick et al. 2013 ). We could not identify these putatively vicariant species because we do not know the timing of origin of individual taxa, as the best phylogeny we have available is taxonomically incomplete, not well resolved at available nodes, and lacks robust estimates of divergence times of most extant species. However, we predict that vicariant widespread species (with no history of dispersal) may be more similar to exclusively eastern or western species than to recently dispersing widespread species, which would likely weaken, rather than strengthen, the patterns we observe. In addition to ancient vicariance, some species may have experienced long-distance dispersal over water barriers. The finding that 10-20% of widespread species also occurred on Caribbean islands (Supplementary material Appendix 1 Table A2 ) provides strong evidence that some species are capable of oceanic dispersal, but the relative contribution of oceanic dispersal to biotic interchange between Central and South America remains unknown.
On-going speciation and extinction processes may also confound our analyses, especially if some exclusively eastern or western species are derived from lineages with a recent cross-Andean dispersal history. This situation could arise if, for example, a single formerly widespread ancestral species went locally extinct on one side of the Andes, or rapidly evolved into separate eastern and western species. In either scenario, the resulting eastern and western species would be expected to possess traits more similar to widespread species, further reducing detectable differences between species with different biogeographic distributions.
While we have documented broad patterns and hypothesized several dispersal routes that are highly plausible given the geological and climatic history of northern South America, future work will aid in uncovering the finer details of how biotic interchange proceeded for particular species. Genetic and phylogeographic studies will be needed in order to determine the geographic origins of widespread taxa; to infer specific routes and timing of dispersal; to determine which population splits between the Amazon and Central America predate Andean uplift (Dick et al. 2013 ) and represent vicariance events; and to quantify the relative contribution of dispersal and in situ diversification to regional species pools in both regions (Xing and Ree 2017) . These studies will help reinforce our understanding of how biogeographic filtering across the northern Andes region, in combination with other processes, has mediated biotic interchange and driven floristic assembly of Neotropical communities, and Central American rainforests in particular.
